Abstract. Radial transport theory for inner radiation zone MeV ions has been extended by combining radial diusive transport and losses due to Coulomb friction with local generation of D, T and 3 He ions from nuclear reactions taking place on the inner edge of the inner radiation zone. Based on interactions between high energy trapped protons and upper atmospheric constituents we have included a nuclear reaction yield D, T and 3 He¯ux source that was numerically derived from a nuclear reaction model code originally developed at the Institute of Nuclear Researches in Moscow, Russia. He ion¯ux distributions show a strong in¯uence of the local nuclear source mechanism on the inner zone energetic D, T and 3 He ion content.
Introduction
Launch of the NASA SAMPEX spacecraft and the complement of Earth orbiting spacecraft in the ISTP/ GGS Program have given new impetus to the study of the inner radiation zone of the Earth. Trapping of anomalous cosmic rays (ACR) forming an inner radiation belt of preferentially heavier ions such as atomic oxygen ions and heavier ion species (e.g. Cummings et al., 1994; Selesnick et al., 1995; and references therein) and decay of cosmic ray albedo neutrons (CRAND) are important sources of trapped radiation. But there are also internal sources of ions heavier than protons within the Earth's radiation belts. These include nuclear reactions between geomagnetically con®ned corpuscular radiation and the heavier neutral species of the Earth's upper atmosphere. In this work we explicitly demonstrate that such processes can generate appreciable trapped¯uxes of hydrogen and helium isotope ions and we evaluate the contribution of this internal nuclear hydrogen and helium isotope ion source in the simultaneous context of radially driven sources of energetic hydrogen and helium isotope ion. Nuclear interactions between inner zone protons and atoms of upper atmosphere as a source of energetic deuterium, 3 He, and 4 He for the ion radiation belt were recently considered by the SAMPEX (Selesnick and Mewaldt, 1996) and CRRES (Chen et al., 1996) research groups. To calculate the intensity of deuterium and helium isotope ions Selesnick and Mewaldt, (1996) and Chen et al., (1996) used a continuity equation accounting for atmospheric production of particles in nuclear reactions and ionization energy losses in the atmosphere. But the ion lifetime due to Coulomb energy losses increases with increasing L-shell due to atmospheric density deceasing. And, in contrast, ion lifetime versus radial transport decreases with increasing L-shell. As a result, the radial diusion process begins to dominate the ion dynamics at the higher L-shells. Thus, to compute the theoretically expected distribution of isotopes in the radiation belts, it is appropriate to combine the source rates of isotope production with the full transport and loss theory for the inner radiation zone.
The terrestrial exosphere and inner zone energetic proton uxes
It is possible to generate energetic deuterium, tritium and 3
He ions in local nuclear interactions in a narrow altitude range where there is an optimum combination of ambient multi-MeV protons (as collisional projec-tiles) and sucient abundance of the heavier exospheric thermal neutral particle species, such as helium and atomic oxygen and nitrogen. In this work, we consider the generation of energetic isotope ions by the collisional action of trapped protons with energies in the range of 20±1000 MeV at the equatorial crossing of the geomagnetic ®eld lines at L 1.1±2.0 impinging on atomic oxygen and helium. For a reasonable description of the trapped proton¯uxes we used the NASA AP-8 model (Vette, 1991) , corresponding to solar minimum conditions where the proton¯uxes in this region are highest. We recognize that the AP-8 model has its imperfections, and our results are scalable as updated main radiation belt models become available. The chemical composition and number density of the upper atmospheric constituents were taken from the Earth's atmosphere model MSIS-86 (Hedin, 1987) . Because of seasonal asymmetries in the exosphere, we averaged the MSIS-86 atmospheric helium and oxygen densities over local time, days of year, (taking the values of the solar index F10.7 140 and the geophysical index Ap 4) along the drift trajectories of 10, 100 and 1000 MeV protons moving as governed by Lorentz equation at ®xed L-shell with equatorial pitch-angle of 90°in the IGRF95 geomagnetic ®eld (Fig. 1) Using data of drift averaged atmospheric densities q (Fig. 1 ) we computed the 10, 100 and 1000 MeV helium ion lifetime (Fig. 2) due to Coulomb energy losses at the equatorial top of the geomagnetic lines taking into account that s iaqvdiadx iadiadt (Schulz and Lanzerotti, 1974) , where E and v represent ion kinetic energy and ion velocity respectively. The dE/dx data for helium ion energy losses in units of energy/g á cm A2 were extracted from Hubert et al. (1990) . To estimate the eective ion transport lifetimes due to radial diusion transport, we used the expression for magnetic radial diusion 1as 160 á Do á L 8 , 1/s (Tverskoy, 1968) since magnetic¯uctuation radial transport dominates over electric ®eld eects in the upper MeV energy range. In Fig. 2 one can see that the radial diusion lifetimes are shorter than the Coulomb loss lifetimes for high energy ions in the MeV range at L > 1.25±1.3. For empirical comparisons there exist radiation belt observations by the CRRES spacecraft (detector energy range at hundreds of MeV and above), and the SAMPEX spacecraft (instrumentation range at tens MeV and above).
Nuclear collisions in the inner radiation zone
The data on cross sections of proton inelastic reactions with nuclei of atomic mass e ! 4 were adopted from the work of Letaw et al. (1983) where pertinent cross sections are written as a product of atomic mass dependent and energy dependent factors, r inel (A,E) r(A) á F(E) where r(A) 45.0A 0.7 á [1+0.016 sin (5.3± 2.63 á ln A)], mbarn, here E is a proton kinetic energy in MeV. The functional form of F(E) is, F(E) [1± 0.62 á (exp(±E/200)) á sin(10.9 á E A0.28 )]. In Fig. 3 we display the resulting energy dependence of the inelastic cross sections of the p + O and p + He nuclear reactions.
For calculations of the products of nuclear reactions of protons with collisional targets of complex chemical composition, we applied a version of a nuclear reaction computer code (SHIELD) developed by Dementyev and Sobolevsky (1994) . This code provides for simulation of hadron cascades in the matter. In this code, there is a transfer of nucleons, pions, kaons, antinucleons, low energy neutrons, and muons over the energy range from several MeV up to 1000 GeV, although for geophysical applications we are primarily interested in the lower energies. The ionization losses and energy straggling are fully taken into account, and the main modes of meson decay are modeled.
Hadron-nucleus interactions inside the target nucleus are comprehensively simulated on the basis of known models of nuclear reactions describing the nuclear cascade and the precompound stages of the reaction as well as evaporation/®ssion, multifragmentation, and Fermi break up of the residual nuclei. Each hadron cascade tree is stored completely during its simulation. The capabilities of hadron transport code depends substantially on the hadron-nucleus reaction generator used. In the SHIELD code the many stage dynamical model (MSDM) is employed for the generator. It includes known Russian nuclear reaction models. The references to these models can be found in Adeev et al., (1993) and Barashenkov and Toneev (1972) . The nuclear reaction scheme based on MSDM was ®rst tested with a variety of experimental data about hadron-nucleus and nucleus-nucleus collisions over the range of the projectile energy: from about 15 MeV to hundreds of GeV. In the model it is assumed that the nuclear interaction process proceeds through the following subsequent stages: (1) the fast cascade stage which reduces the projectile-target interaction in a series of binary collisions between the nuclear constituents and/or produced hadrons; (2) the coalescence stage followed by the cascade in which cascade baryons can form a complex particles; (3) the stage of residual nuclei when a nucleus is becoming equilibrated (thermalized) and some particles can be emitted during this equilibration process; (4) the equilibrated de-excitation stage of nucleus which is followed by the pre-equilibrium particle emission that can be realized as a competition between Fermi decay, subsequent particle-fragment evaporation, nuclear ®ssion or multifragmentation process.
Below we list only the nuclear models included in MSDM. More speci®c details of these nuclear interaction models can be found in the works of Adeev et al. (1993) and Barashenkov and Toneev, (1972) . The fast cascade stage of reactions below 600 MeV relative kinetic energies is treated according to the Russian Dubna cascade model (Barashenkov and Toneev, 1972 He according to the nuclear coalescence model. Evolution of excited residual nuclei towards the equilibrium state is described in terms of the pre-equilibrium model based on Monte Carlo solution of the corresponding masterequation.
Further equilibrium de-excitation of the residual nucleus includes several mechanisms. For light nuclei (A < 16) the modi®ed Fermi break-up model is applied. Medium and heavy nuclei at moderate excitations (with nucleus energy less than 2 MeV/nucleon) suer evaporation process including ®ssion competition for heavy nuclei (Adeev et al., 1993) . Highly excited nuclei (with energy more than 2 MeV/nucleon) can decay in several excited fragments that can be described according to the statistical model of multifragmentation resulting in particles emission.
The MSDM generator code has previously been favorably applied in international benchmark calculations for comparison of results of nuclear reactions (for details, see Adeev et al., 1993) .
The SHIELD code provides a description of the yield of nuclear secondaries, their energy spectra and angular distributions in terms of the double dierential distribution (DDD). The code uses a three-dimensional Monte Carlo simulation of the intranuclear cascade and evaporation to calculate the secondary products of the energetic proton reactions with the atmospheric constituents. The code is valid for target atomic mass e ! 2. In an application appropriate to the Earth's radiation belts, we performed Monte Carlo simulations for parent protons of energy E p between 20 to 1000 MeV with 100 000 projectile protons and using thermal atomic oxygen and helium targets. We calculated the number of secondary D , T,  3 He and   4 He nuclei with energy, E sec , between 1 to 60 MeV (with a step of 2 to 4 MeV), moving in the laboratory (i.e., the Earth-magnetosphere) system with given angle h (ranging from 0 to 180°with a 20°) step to the velocity direction of incident parent proton.
Representative examples of the nuclear simulation outputs are given in Fig. 4 and 5. These ®gures give the dierential energy spectra of total number D, T, 3 He and 4 He secondary nuclei (normalized to 100 000 events) of p + O reaction with E P 200.0 MeV (Fig. 4) and of p + He reaction with E P 100 MeV (Fig. 5) in the secondary particle energy range of 1 MeV up to 60 MeV.
In Fig. 6 we present an example of the resulting angle distribution of 8±10 MeV secondary 3 He nuclei produced in a p + He inelastic nuclear reaction with E P 100 MeV. The angle indicated in this ®gure is the angle between the secondary particle velocity vector and incident proton velocity vector.
Normalizing summary results to the number of parent protons, we obtained the DDD, describing energy and angular distributions of products of a nuclear reaction of proton with``target'' nuclei, i.e. He nuclei with energy E sec and velocity direction h, produced by one parent proton with an energy E p in unit time, energy and in unit solid angle (here dx 2psinh dh).
To evaluate a secondary nuclear product yield at various geomagnetic L-shells in the range of L 1.1± 2.0 with the L-step equal to 0.1 we integrated the product of the trapped proton dierential spectrum dx p i p Y vadi p Y r inel i p and the DDD for each L-shell over the relevant proton energy range from E p 20 MeV to 1000 MeV:
where dx p i p Y vadi p in protons acm 2 s sr keV, so that d 2 x sec i p Yi sec Yh di sec dh represents a dierential production spectrum i.e., a number of secondary D, T or 3 He nuclei with energy E sec and velocity direction h produced by the whole trapped proton spectrum at the given L-shell in unit time, in unit square, in unit secondary nucleus energy and in unit solid angle per one target nucleus. The trapped proton dierential spectrum at the given L-shell was taken from AP-8 proton model (Vette, 1991) .
Multiplying this spectrum by drift-averaged atmospheric densities " q (L) for oxygen and helium we obtain This means that the nuclear evaporation products are geomagnetically trapped except the fraction that is generated within the atmospheric bounce loss cone.
In contrast to this, the products of the inelastic p + He nuclear reaction have an anisotropic angular distribution: D, T and 3 He secondary nuclei mostly go into the opposite hemisphere to the incident proton velocity vector (e.g., see Fig. 6 ). Then, considering the pitch-angle distributions of secondary nuclei, we numerically select only those secondary particles of a given energy that have velocity vector perpendicular to vector magnetic induction B, i.e., secondary particles with the pitch-angle of 90° 10°at the equatorial top of given L-shell. From this procedure we obtain ®nal dierential spectra of the secondary nuclei with an equatorial pitch-angle $ 90°, dx sec vY i sec adi sec dx in units of ionsacm 3 s sr keV. This result may be converted to source¯ux by multiplying it with the D, T, The uncertainty involved in the source¯ux calculations depends on uncertainties of the cross sections, of the trapped proton¯uxes, of the averaged density of MSIS model atmosphere and of the statistical errors of Monte Carlo computations. The cross sections of nuclear reactions of proton with oxygen and helium are known with a precision of about $ 8±10% (Letaw et al., 1983) ; trapped proton¯uxes in AP-8 model are known with uncertainty of about 30±40%, and MSIS-86 atmospheric constituent densities are presented with accuracy of about 15±19% (Hedin, 1987) . The statistical error of a Monte Carlo simulation is about zero at the beginning of secondary particle energy range 
Source, transport and loss of inner zone light isotope ions
We combined the source functions for 2 D and 3 T ions given already with radiation belt transport equations for D and T ions (e.g., Cornwall, 1972; Spjeldvik, 1997) :
where K 10 is the charge exchange frequency from singly ionized D or T ions to neutral atoms. These equations are valid for both of the hydrogen ion isotopes so long as the coecients are calculated to pertain to the appropriate isotopic mass. For 3 He ions we employ the equation system (e.g., Spjeldvik, 1977) :
where f 1 and f 2 are the phase space distribution functions for charge states 1+ and 2+ of 3 He ions, and K ij are the charge exchange frequencies from charge state i to j.
Steady state solutions for the ambient radiation belt uxes of these isotopic species were obtained using the ®nite dierences technique in full implicit/®xed boundary condition form by numerical calculations (15 min of CPU time on a VAX-7610 mid-range computer). Tentatively, the ratios D/H 1.5´10 A4 and T/ H 3´10 A6 ratio (by number¯ux) for solar cosmic rays were used to assign outer boundary conditions at outer boundary at L 1.6. These ratios are not well known empirically within the radiation belts, and fortunately our results are not in signi®cant measure dependent on these assumptions since the interior nuclear source dominates.
The radial diusion coecients for the Earth's radiation belts were taken from the work of Cornwall (1972) as: h vv i g m v 10 g e v 10 av 4 waiw o 2 as a combination of the eects of magnetic and electric uctuations in the geomagnetic and geoelectric ®elds. Empirically moderate values have been chosen for the geomagnetic and geoelectric¯uctuation with sub-coef®cients: C m 2´10 A9 and C e 2´10 A5 in units of L 2 per day, and M o 1 Mev/Gauss. Over dierent geomagnetic activity states one might expect a variation over an order of magnitude around these values. It is also possible that¯uctuating ionospheric electric ®elds could give rise to somewhat higher electric sub-coecient values (Robert Sheldon, personal communication, 1990) , but this is uncertain. Figure 9a , b shows the computed radiation belt D and T ion¯uxes at 1 to 60 MeV. Tritium ion¯uxes were calculated here only for the p + He inelastic nuclear reaction.
From at L 1.6. These results are shown in Fig. 10a . The second calculation is made with the smaller radial diusion coecients of C m 2´10
A9
and C e 2´10 A5 L 2 per day and with the same boundary condition. These results are depicted in Fig. 10b (Fig. 11) .
Comparison of resulting 3 He¯uxes computed with dierent diusive rates (Fig. 10a, b) shows that the radial diusion process has an in¯uence on the¯ux value at L > 1.3±1.4 for typical ion energy above 40 MeV, and at L > 1.4±1.5 for less energetic ions. Certainly, this conclusion depends also on boundarȳ ux ratio assumed here.
In Fig. 11 we see that the¯uxes are determined mostly by radial diusion process at L > 1.3 for ion energies more than 30 MeV and at L > 1.4 for smaller ion energies. But at low L-shell, i.e., at L 1.2, neither the computed 3 He ion¯ux nor the deuterium ion¯ux (Fig. 9) are in¯uenced signi®cantly by radial diusion. This demonstrates that in a narrow range of geomagnetic L-shells, internal nuclear processes within the Earth's magnetosphere dominate the generation Finally, we turn to a comparison of the results of the combined nuclear generation and geophysical transport computations with available experimental isotopic composition data obtained by the SAMPEX spacecraft team (Selesnick and Mewaldt, 1996) . These researchers report energy range of the measured ions¯uxes that is compatible with our calculation range. SAMPEX measurements of D¯ux are in the energy range of 20± 60 MeV/nucleon, and 3 He¯ux measurements are in the range of 10±20 MeV/nucleon at a radiation belt location almost at the equatorial top of L 1.2 and at higher invariant latitudes on other L-shells up to L 2.1. In a complementary space experiment, the CRRES spacecraft helium ion isotope data are reported at higher energies, above 150 MeV. This range is, however, beyond the scope of our present computations.
Comparing the results with SAMPEX data (i.e., in Fig. 10, 11 , and 12) one can see that the absolute values of the measured and computed 3 He¯uxes agree reasonably well in the energy range of 30±60 MeV at L 1.2. The computed deuterium¯uxes at energies of 40 and 60 MeV at the equatorial top of L 1.2 (shown in Fig. 9 ) are about a factor of two lower than the ones measured by SAMPEX (Selesnick and Mewaldt, 1996) . The authors note that the results of their own deuterium ux computations also dier by about 2±3 times from the experimentally measured deuterium ion¯ux. Direct comparison between theoretically predicted and measured spectra of 3 He¯ux and deuterium¯ux at the top of L 1.2 shown in Fig. 12 also included the result of a comparison with the computed deuterium¯ux given by Selesnick and Mewaldt (1996) . One can see that the results of measurements and computations performed by two dierent groups agree satisfactorily.
The computed 3
He¯uxes at the equatorial top of L 1.5 (using moderate radial diusion rate and boundary¯ux ratio 3 He/ 4 He 1´10 A2 shown in Fig. 11 ) are also similar to the experimental result from the SAMPEX spacecraft, although the SAMPEX results pertain to a more o-equatorial location and the comparison basis is less than ideal at that L-shell. At least, we can state that there is no glaring contradiction between our computed 3 He¯uxes at the equatorial top of L 1.5 (Fig. 11) and the measured¯uxes at the foot of the same line (Selesnick and Mewaldt, 1996) .
Summary and conclusion
We have computed the nuclear interaction source function of T and D and 3 He ions based on energetic nuclear collisions between tens of MeV radiation belt protons and minor constituents of the Earth's exosphere, thermal helium and thermal atomic oxygen. The atomic nitrogen target would also contribute to these nuclear yields, although with an eciency of less than 10% of the yield from atomic oxygen targets. The source functions were combined with the radial diusive transport code. It is clear that the source mechanism dominates in the region below L 1.2±1.3 and produces greater¯uxes of 3 He and of D and T than what results from inward radial diusion alone. The Lshell where radial diusion begins to in¯uence on isotope¯ux values depends on diusive rate and boundary (at L 1.6 in our computations)¯ux values. Our consideration shows that radial diusion process must be taken into account at L-shells of more $ 1.3.
To the extent that meaningful comparison between theoretical computations and space observations is possible, one can see that the computed and measured 3 He spectra agree quite well at the top of L 1.2; the computed and measured deuterium spectra dier by a factor of two. Also, the theoretical deuterium spectra computed in this paper are similar to the deuterium results of Selesnick and Mewaldt (1996) who used a dierent numerical approached.
